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0022-2836 © 2012 Elsevier Ltd. Open accMitochondrial and peroxisomal ﬁssion are essential processes with defects
resulting in cardiomyopathy and neonatal lethality. Central to organelle
ﬁssion is Fis1, a monomeric tetratricopeptide repeat (TPR)‐like protein
whose role in assembly of the ﬁssion machinery remains obscure. Two
nonfunctional, Saccharomyces cerevisiae Fis1 mutants (L80P or E78D/I85T/
Y88H) were previously identiﬁed in genetic screens. Here, we ﬁnd that these
two variants in the cytosolic domain of Fis1 (Fis1ΔTM) are unexpectedly
dimeric. A truncation variant of Fis1ΔTM that lacks an N-terminal
regulatory domain is also found to be dimeric. The ability to dimerize is a
property innate to the native Fis1ΔTM amino acid sequence as we ﬁnd this
domain is dimeric after transient exposure to elevated temperature or
chemical denaturants and is kinetically trapped at room temperature. This
is the ﬁrst demonstration of a speciﬁc self-association in solution for the Fis1
cytoplasmic domain. We propose a three-dimensional domain-swapped
model for dimerization that is validated by a designed mutation, A72P,
which potently disrupts dimerization of wild‐type Fis1. A72P also disrupts
dimerization of nonfunctional variants, indicating a common structural
basis for dimerization. The obligate monomer variant A72P, like the dimer-
promoting variants, is nonfunctional in ﬁssion, consistent with a model in
which Fis1 activity depends on its ability to interconvert between monomer
and dimer species. These studies suggest a new functionally important
manner in which TPR‐containing proteins may reversibly self-associate.© 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.t of Biology, Mudd
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Organelle ﬁssion and fusion control the size and
distribution of mitochondria and peroxisomes,
which are ﬁne-tuned in many adult cell types to
meet their local demand for ATP or Ca2+. These
membrane remodeling events may also be coordi-
nated to ensure the ﬁdelity of essential components
that incur damage in their oxidative environmentsse.
Fig. 1. The cytoplasmic domains
of nonfunctional Fis1 variants self-
associate. (a) Cartoon representa-
tion of the cytoplasmic domain of
yeast Fis1 (Fis1ΔTM, 3o48.pdb).
Three nonfunctional variants of
Fis1 [L80P (green), ΔN16 (red),
and Fis1ΔTM-3 (cyan, E78D/
I85T/Y88H)] are highlighted by
stick representation of the wild‐
type residues. These variants have
previously been reported to impair
mitochondrial ﬁssion. The two
TPR-like domains are colored yel-
low and blue. This ﬁgure was made
with PyMOL.37 (b) The cytoplasmic
domains of nonfunctional Fis1 var-
iants, but not wild type, interact by
yeast two-hybrid. Yeast two-hybrid
assays using the HIS3 reporter
(sequential 10-fold yeast dilutions
at 1, 0.1, and 0.01 OD600 are shown)
with the indicated bait and prey
constructs. Cells were plated onto
media containing histidine (growth
control) and media lacking histi-
dine to select for yeast two-hybrid
interactions and photographed
after incubation for 3 days at
30 °C. (c) Fis1ΔTM variants elute
by gel‐ﬁltration chromatography as
dimers to differing degrees; 2.5 μM
of each of the indicated recombi-
nantly expressed proteins was sep-
arated by a Superdex 200 10/300
GL at 25 °C (50 mM sodium phos-
phate, 184 mM NaCl, 5 mM ethyle-
nediaminetetraacetic acid, and
2 mM DTT, pH 7.4). Each mutant
is well folded by circular dichroism
spectropolarimetry (Supplemental
Fig. 1).
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145A72P Disrupts Mitochondrial Fissionfound in these organelles.1–8 Supporting the impor-
tance of these processes, mutations in ﬁssion and
fusion genes cause or contribute to mammalian
disease.9–14 For organelle ﬁssion, only Fis1 and
dynamin-related protein 1 (called Drp1 in mammals
and Dnm1 in budding yeast) are conserved across
species. Fis1 is a tail-anchored transmembrane
protein that is thought to be involved in recruiting
soluble ﬁssion factors, including Drp1, to sites of
membrane scission from the cytoplasm.2,15–25 In
budding yeast, Fis1 cooperates withMdv1 and Caf4,
proteins found only in fungi, to recruit the yeast
dynamin-related protein Dnm1.17–19,24–27
Both blue-native PAGE and chemical cross-link-
ing studies show that Fis1 can form homooligomeric
complexes in mammalian cells. 2,28,29 However,
seven of the eight available structures of the isolated
cytoplasmic domains of Fis1 from human, mouse,
and yeast are monomeric.27,30–35 In the eighth
structure, human Fis1 crystallizes as a multimer,
although it is a monomer in solution.32 Thus, there
were no previous reports that Fis1 multimerizes in
solution and the exact basis of the high‐molecular‐
weight species of Fis1 by blue-native PAGE analysis
is unclear and may involve other proteins.
The structures of the cytoplasmic domain of Fis1
are similar, each with a core six-helix bundle, where
the central four helices consist of two tandem
tetratricopeptide repeat (TPR)-like motifs. The indi-
vidual TPR motifs adopt a helix–turn–helix motif
and together form a right-handed superhelical
structure creating a concave surface. The structures
differ in the relative orientation of the Fis1 arm
(residues 1–16 in budding yeast and 1–8 in
human).27,30–35 Cell biological experiments, primar-
ily in budding yeast, have determined that both the
concave surface and the Fis1 arm are functionally
important. NMR and chemical modiﬁcation exper-
iments suggest that the Fis1 arm is innately dynamic
and, in some structures, physically occludes the
concave surface, suggesting a possible role in
modulating function by mediating access to the
concave surface36 (Fig. 1a). Consistent with this
idea, removal of the Fis1 arm (ΔN) impairs yeast
mitochondrial morphology producing net-like or-
ganelles from a defect in ﬁssion.33,38 An important
role for the Fis1 arm is supported by two other
nonfunctional Fis1 alleles identiﬁed in yeast genetic
screens,38,39 L80P and ﬁs1-3 (derived from E78D/
I85T/Y88H) on helix 4 of the concave surface. These
alleles contain substitutions to residues adjacent to
the arm in the tertiary structure, and similar to ΔN-
ﬁs1, expression of either L80P or ﬁs1-3 does not
restore proper mitochondrial morphology in ﬁs1Δ
cells.38,39 Overexpression of Mdv1 can rescue the
ﬁssion defect caused by L80P and ΔN,38 but not ﬁs1-
3. The ﬁs1-3 allele requires a mutant in the Mdv1
coiled‐coil domain (E250G) that may enhance the
Fis1 interaction either directly or indirectly.40 Theseresults suggest that Fis1 variants impair ﬁssion by
different means. Here, we isolated the cytoplasmic
domains from these variants with the initial goal of
determining whether they share a common mecha-
nism for disrupting ﬁssion. Surprisingly, we found
that expression of these domains revealed a previ-
ously undetected state of yeast Fis1 that is dimeric.
Further, we discovered that the wild‐type domain
also forms a dimer but is kinetically trapped as both
a monomer and a dimer. This is the ﬁrst example of
the cytoplasmic domain‐mediated dimerization in
solution. We designed a point mutant (A72P) that
strongly disrupts mitochondrial ﬁssion and dimer-
ization of isolated protein. Since variants that act
either as obligate monomers or dimers in vitro are
impaired for ﬁssion in vivo, our results suggest a
model in which the interconversion between mono-
meric and dimeric species may play a role in ﬁssion
and reveals a new mechanism for how TPR motifs
can mediate self-association.Results
Nonfunctional variants of Fis1ΔTM form
homotypic interactions
TPR motifs, such as those found in Fis1, have been
implicated in a number of modes of protein–protein
interactions41–49; therefore, we tested whether the
soluble domains of wild‐type yeast Fis1 and the
three nonfunctional alleles (L80P, ΔN, and ﬁs1-3) can
self-associate by yeast two-hybrid experiments. In
this assay, the cytoplasmic domain of Fis1
(Fis1ΔTM) in bait and prey plasmids did not
interact. However, the three nonfunctional variants
(L80P, ΔN, and Fis1-3) each displayed strong self-
association (Fig. 1b). To determine whether associ-
ation is an intrinsic property, we overexpressed and
puriﬁed Fis1ΔTM and the three variants in Escher-
ichia coli. The puriﬁed wild‐type and variant pro-
teins are well folded as judged by circular dichroism
spectropolarimetry (Supplementary Fig. 1). Howev-
er, behavior of the variant proteins in size‐exclusion
chromatography (SEC) was markedly different from
wild type (Fig. 1c). Wild‐type Fis1ΔTM elutes
primarily (N97%) as a single peak at a volume
(18.2 mL) expected for a globular monomer, consis-
tent with its structure.33,34 The molecular mass of
this species was determined by in-line multiangle
light scattering (MALS), conﬁrming its monomeric
nature (16.7 kDa theoretical versus 15.5 kDa exper-
imental mass). By contrast, the Fis1ΔTM-L80P
variant elutes in two peaks, with ~30% eluting in a
volume similar to the wild‐type monomer, while the
majority (~70%) elutes earlier, consistent with a
globular dimeric species. The nearly baseline
146 A72P Disrupts Mitochondrial Fissionseparation of the peaks implies that the two species
do not interconvert on the timescale of the experi-
ment (~45 min). The ΔN variant elutes in a broader
peak corresponding to the dimer position, while the
triply substituted Fis1ΔTM-3 elutes predominantly
at a volume expected for the dimer species. These
data correlate with the interactions detected by yeast
two-hybrid and suggest that the two-hybrid results
probably arise from direct bait–prey contacts.
Fis1ΔTM is isolated as a monomer and a
noncovalent dimer that do not detectably
interconvert
Closer inspection of the SEC chromatogram for
wild‐type Fis1ΔTM revealed the presence of a
barely discernible shoulder on the leading edge of
the peak that eluted at a volume predicted for dimer
(calculated mass of 30.9 kDa) (Fig. 1c). Analysis by
Western blot, SEC-MALS, analytical ultracentrifu-
gation, and Cys mutagenesis shows that this species
is a noncovalent Fis1ΔTM dimer (Fig. 2). Speciﬁcal-
ly, mutation of the two Cys residues in Fis1ΔTM
(Cys79 and Cys87) to Ser did not prevent dimeriza-
tion. These residues also lie on helix 4 similar to the
nonfunctional variants. To test whether wild‐type
monomer and dimer can interconvert, we isolated
the monomer and dimer Fis1ΔTM species and
determined their oligomeric state as a function of
concentration by SEC. The isolated monomer
remained monomeric at concentrations N1 mM,Fig. 2. The wild‐type cytoplasmic domain of Fis1
(Fis1ΔTM) forms a noncovalent dimer. (a) Recombinant
yeast Fis1ΔTMwas isolated as two species by SEC, diluted
to 2.5 μM, analyzed by reducing SDS-PAGE, and detected
byWestern blot analysis. (b) Fis1ΔTM (1.3 mg/mL) eluted
by SEC and detected by multiangle laser light scattering
has calculated molar masses of 30,300 and 15,500 Da,
which compares favorably with the theoretical molecular
masses for dimer and monomer (33,400 and 16,700 Da,
respectively). (c) The higher‐order species of yeast
Fis1ΔTM is a dimer. A radial distribution ﬁt to a
monomer–dimer equilibriummodel is shown for a sample
at 23.2 μM centrifuged at 20,000 rpm. The residuals of the
ﬁt are shown in the top panel. These data are represen-
tative of a global analysis of Fis1ΔTM samples enriched in
the higher‐order species that were subjected to equilibri-
um sedimentation analysis at 16,300, 20,000, 24,500, and
30,000 rpm at 4 °C on a Beckman XLA ultracentrifuge.
Samples were at 7.7 μM, 15.4 μM, and 23.2 μM in 50 mM
sodium phosphate and 184 mM NaCl, pH 7.4. A global
ﬁt to the data was well described by a model in which
the higher‐order species of Fis1ΔTM forms a dimer. (d)
SEC of a cysteine-less variant of recombinantly
expressed Fis1ΔTM-C79S/C87S (2.5 μM) eluted as both
monomer and dimer. Experimental conditions identical
to Fig. 1. Both Cys residues lie on helix 4 of the concave
surface.
Fig. 3. Fis1ΔTM monomer and dimer are kinetically
trapped. (a) Heat-treated Fis1ΔTMmonomer redistributes
into monomer and dimer species. SEC of recombinantly
expressed Fis1ΔTM (2.5 μM) eluted predominantly as
monomer (continuous line) with a small population
eluting as dimer. Upon heating to temperatures well
below the thermal unfolding midpoint and subsequently
cooling, Fis1ΔTM redistributed into monomer and dimer
populations (broken line) with a Kd
app of 240±80 nM. (b)
Heat-treated Fis1ΔTM dimer redistributes into monomer
and dimer species. Upon similar heat treatment, isolated
Fis1ΔTM dimer (0.4 μM) redistributed into monomer and
dimer populations with a similar Kd
app. (c) Isolated
Fis1ΔTM monomer redistributes into monomer and
dimer upon refolding. Upon chemical denaturation with
GdHCl and subsequent refolding at 37 μM, Fis1ΔTM
distributed into monomer and dimer species (broken line).
An estimate of the apparent association constant for
dimerization was determined from the relative popula-
tions upon refolding for these data and similar experi-
ments at 2.5 μM and 25 μM (data not shown), which gave
a Kd
app=15±3 μM. (d) Isolated Fis1ΔTM dimer redistrib-
utes into monomer and dimer species upon refolding.
Isolated Fis1ΔTM dimer remained dimeric (continuous
line) when diluted to 2.5 μM and reapplied. Upon
chemical denaturation with GdHCl and subsequent
refolding at 2.5 μM, Fis1ΔTM distributed into monomer
and dimer species (broken line) with a similar Kd
app. All
chromatography conditions are the same as those in Fig. 1.
147A72P Disrupts Mitochondrial Fissionand elution of the dimer was also independent of
concentration, even at the lower limits of detection
(sub‐micromolar) (see Fig. 3a and b for representa-
tive traces). The independence of oligomeric state
from mass action shows that the wild‐type mono-
mer and dimer species do not equilibrate apprecia-
bly under these conditions.
To determine whether the kinetic barrier between
monomer and dimer can be overcome at increased
temperature, we conducted concentration and tem-
perature dependence experiments over a range of
concentrations (0.2 to 25 μM) and temperatures (47–
55 °C, well below the apparent thermal unfolding
midpoint, Tm=69.3 °C). In these experiments, either
isolated monomeric or dimeric samples were heated
at a given temperature as a function of time,
followed by cooling of the sample rapidly on ice,
and injecting it onto a SEC column at room
temperature. As expected by mass action, the ﬁnal
composition was concentration dependent and a
representative subset of these experiments is shown
in Fig. 3a, in which a 2.5 μM sample of isolated
monomer was incubated at 55 °C for 24 h and found
to redistribute into a ﬁnal composition of 23%
monomer and 77% dimer. A sample of isolated
dimer (0.4 μM) was heated at 50 °C for 24 h and
found to redistribute into 43% monomer and 57%
dimer (Fig. 3b). Estimating an apparent dissociation
constant from these experiments yields similar
values (Kd
app of 240±80 nM), establishing that
altering sample conditions allows both the dimer
and monomer states to be reversibly accessed.
Similar experiments with the nonfunctional
Fis1ΔTM variants were complicated by solubility
issues; however, they were consistent with an
increase in temperature, allowing an increased rate
of interconversion.
We also tested whether chemical denaturation
might lower the apparent activation energy for
interconversion by refolding Fis1ΔTM from high
concentrations of guanidine hydrochloride (N4 M
GdHCl). Upon dialysis and refolding, either isolated
monomer or isolated dimer redistributes (Fig. 3c and
d), suggesting that chemical denaturation enhances
the rate of local structural ﬂuctuations in wild‐type
Fis1ΔTM that are necessary for interconversion.
Fis1ΔTM monomer samples were equilibrated by
chemical denaturation at several protein concentra-
tions, refolded, and resolved by SEC to estimate an
apparent dissociation constant, and the observed
monomer and dimer populations were ﬁt to a two-
state formalism. These results gave an apparent
dissociation constant of Kd
app=15±3 μM. An equil-
ibration experiment starting with Fis1ΔTM dimer
(Fig. 3d) gave a similar apparent dissociation
constant. These results suggest that chemical
denaturation permits rapid and complete intercon-
version of monomer and dimer and show that
the wild‐type Fis1ΔTM sequence has a strong
Fig. 4. Fis1ΔTM forms a domain-swapped dimer. (a) Far-UV circular dichroism of Fis1ΔTM monomer (continuous line)
and refolded dimer (dashed line) samples indicate little change in 2° structure between monomer and dimer. (b) Intrinsic
tryptophan ﬂuorescence emission of Fis1ΔTM monomer (continuous line) and refolded dimer (dashed line) samples in the
absence (black) and presence of 0.44 M acrylamide (gray) indicates little change in 3° structure betweenmonomer and dimer.
(c) An overlay of the 1H–15NHSQCof Fis1monomer (black) and refolded dimer (red) demonstrates that the amide backbones
are largely in similar environments. (d) The largest chemical shift differences,Δδ, betweenmonomer anddimer are localized to
the intervening turn between the ﬁrst and second tetratricopeptide repeats of monomer Fis1 (α3–turn–α4).Δδwas calculated
from the data in (c) after chemical shift assignment usingΔδ={(1Hδmonomer− 1Hδdimer)2+[1/4(15Nδmonomer− 15Nδdimer)]2}1/2.
(e) The 13Cα chemical shift differences, Δδ, between monomer and dimer suggest that the α3–turn–α4 adopts a single α-
helix in the dimer, which is shown schematically (f) and conﬁrmed by chemical shift index analysis (not shown). (g) A
model of the domain-swapped Fis1ΔTM dimer consistent with the circular dichroism, ﬂuorescence, and NMR data. In this
model, a symmetrical arrangement of helices 1–3 of one monomer associates with helices 4–6 of a second monomer to form
a near‐identical tertiary structure to that found in the monomer structure. From this model, we predict that replacing Ala72
with a Pro will disfavor helix formation necessary for dimerization and favor the monomeric conformation.
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association is removed.
The Fis1ΔTM monomer and dimer have similar
secondary and tertiary structure
We exploited the slow interconversion between
wild‐type Fis1ΔTM monomer and dimer to isolate
these kinetically stable species and compare their
structural properties. Both the monomer and dimer
have nearly identical spectra by either circular
dichroism or ﬂuorescence spectroscopy, demon-
strating minimal differences in the global secondary
and tertiary structure (Fig. 4a and b). To probe for
structural differences at the individual amino acid
level, we collected and compared the 1H–15N
heteronuclear single quantum coherence (HSQC)
NMR spectra for the monomer and dimer samples
(Fig. 4c). Both have essentially the same number of
cross‐peaks, indicating the formation of a symmetric
homodimer (Fig. 4c). We assigned the monomer and
dimer backbone chemical shifts from a 2H, 15N, 13C
sample using standard methods. Plotting the differ-
ences in amide nitrogen and proton chemical shifts
between monomer and dimer reveals that most
residues have similar chemical shifts in the two
states, indicating similar structural environments
(Fig. 4d). However, signiﬁcant differences occur for
residues 63–81 of helices α3 and α4 with the largest
differences localized to residues 69–77 of the
intervening turn. Chemical shift index analysis of
the backbone 13Cα chemical shifts of the turn
(residues 72–75) between α3 and α4 in the monomer
indicates that these residues are helical in the dimer
(Fig. 4e). From the structural and mutagenesis data,
we hypothesize that the α3–turn–α4 in monomeric
Fis1ΔTM adopts a single α-helix that allows the
formation of a domain-swapped dimer (Fig. 4f and
g). In this model, the concave surface would be
maintained by the ﬁrst TPR (α2–turn–α3) of one
monomer and the second TPR (α4–turn–α5) of the
other (Fig. 4g). This arrangement would preserve
the environment of Trp7 in the Fis1 arm and Trp47
on α2 and places the two transmembrane domains
on the same face of the molecule.
A designed point mutant, A72P, disrupts
dimerization and mitochondrial fission
The proposed model for dimerization implies that
formation of the extended (α3/α4)-helix is a
prerequisite for dimer formation; thus, mutations
that affect this conformation will oppose dimeriza-
tion. To test this notion, we designed a variant
where Ala72, the ﬁrst residue in the turn between α3
and α4, is replaced with a proline to inhibit
dimerization. Proline at this position should favor
the helix–turn–helix conformation of the monomer
due to the low helical propensity of prolinecompared to alanine.50 Analysis of the Fis1ΔTM-
A72 variant revealed that it adopted a native
structure by circular dichroism and the presence of
well-dispersed NMR chemical shifts similar to wild‐
type Fis1ΔTM (Supplemental Figs. 3 and 4).
Consistent with our model-based prediction, this
variant remained a monomer by SEC-MALS follow-
ing heat treatment (Fig. 5a). We also tested A72P in
our refolding from GdHCl assay and found no
evidence for the presence of dimer at a concentration
(2.5 μM) where wild‐type Fis1ΔTM is partially
dimeric after refolding (Fig. 5b). Increasing the
A72P concentration to 100 μM in refolding experi-
ments did not change the elution proﬁle; thus, A72P
can be thought of as an obligate monomer (lower
limit of apparent Kd
app ~3 mM). Furthermore, when
the three variants of Fis1ΔTM that favor dimeriza-
tion were created in an A72P background, each
eluted at volumes consistent with wild‐type mono-
mer (Fig. 5b). The abolition of dimerization of all
three variants by the same A72P mutation suggests
that each variant associates through the same
domain-swapped dimer structure inferred for wild
type.
We next tested the functionality of the A72P
variant introduced into full-length Fis1 in a ﬁssion-
dependent growth assay. Cells lacking the fusion
fzo1 and ﬁssion ﬁs1 genes are viable on glycerol.
However, cells expressing an additional functional
copy of FIS1 will not survive on glycerol because
excessive ﬁssion causes loss of mtDNA and an
inability to respire.51,52 This assay is similar to the
screen employed to identify the FIS1 and MDV1
genes and was previously used to test the temper-
ature‐sensitive allele ﬁs1-3 for altered activity.17,38,39
Plasmids encoding the galactose-inducible wild‐
type and mutant ﬁs1 genes were individually
transformed into fzo1Δﬁs1Δ cells and tested for
growth on glucose and glycerol plates. As a negative
control, we expressed wild‐type, full-length Fis1 in
yeast cells, which grew on glucose but not on
glycerol, demonstrating that mitochondrial ﬁssion is
restored (Fig. 5c). As positive controls, we expressed
full-length constructs of L80P, ΔN, and Fis1-3 in
fzo1Δﬁs1Δ cells,33,38,39 which grew on both glucose
and glycerol, showing that these variants disrupt
Fis1 activity consistent with previous reports.33,38,39
Cells expressing full-length A72P also grew on
glycerol, demonstrating that this mutation disrupts
mitochondrial ﬁssion. Introducing the A72P muta-
tion into ﬁs1-L80P, ΔNﬁs1, and ﬁs1-3 also impaired
mitochondrial ﬁssion, indicating that this mutant
did not rescue the phenotype (data not shown).
Fis1 is also necessary for proper mitochondrial
morphology, which can be monitored by ﬂuores-
cence microscopy using mitochondrial-speciﬁc ﬂuo-
rescent dyes. Deleting the ﬁs1 gene causes altered,
net-like morphology that can be rescued upon
plasmid expression of wild‐type Fis1 (Fig. 5d). By
150 A72P Disrupts Mitochondrial Fissioncontrast, expression of full-length Fis1-A72P was
unable to rescue morphology in over 80% of cells
similar to the nonfunctional full-length control L80P,
which was not due to poor expression or misloca-
lization (data not shown). We conclude that muta-
tions that enhance (L80P) or inhibit (A72P) in vitro
dimerization of Fis1ΔTMwhen introduced into full-
length Fis1 in yeast disrupt mitochondrial ﬁssion.Discussion
Our analysis of nonfunctional variants of Fis1
(L80P,ΔN, and Fis1-3), two of which were identiﬁed
by genetic methods, revealed that the cytoplasmic
domain can adopt a dimeric state and that E. coli
expressed protein can access this state. These results
indicate that the propensity for dimer formation
resides within the native polypeptide sequence and
thus may contribute to the function of Fis1. At room
temperature, the interconversion between wild‐type
monomer and dimer is sufﬁciently slow to allow
isolation of both species, and subsequent analyses
led us to hypothesize a structural model for the Fis1
dimer. This model involves three-dimensional do-
main swapping, which is distinct from that observed
in the human Fis1ΔTM crystal structure. Using a
rational design approach, we identiﬁed a point
mutant, A72P, which potently disrupts homodimer-
ization of wild type and the Fis1ΔTM variants,Fig. 5. Designed mutant A72P impairs dimerization of
Fis1ΔTM and mitochondrial ﬁssion. (a) A 2.5 μM sample
of Fis1ΔTM-A72P was heated, cooled, and analyzed by
SEC as described in Fig. 3. For comparison purposes, a
similar experiment with wild‐type Fis1ΔTM is overlaid as
a broken line (from Fig. 3a). (b) A 2.5 μM sample of
Fis1ΔTM-A72P was chemically unfolded in GdHCl,
refolded, and analyzed by SEC as described in Fig. 3.
Introducing A72P into each of the nonfunctional Fis1ΔTM
variants and refolding from chemical denaturant also
strongly favored the monomeric state. These variants
were well folded (Supplemental Fig. 3), indicating a
common structural basis for dimerization of each variant.
(c) Yeast expression of either obligate dimers (ΔN, ﬁs1-3)
or obligate monomer (A72P) does not rescue mitochon-
drial ﬁssion. In this standard growth assay, functional
ﬁssion is signiﬁed by no growth on YP+glycerol (YPG)
plates. Note that these are full-length Fis1 constructs that
include the C-terminal transmembrane domain. (d)
Expression of full-length Fis1-A72P in ﬁs1Δ yeast cells
impairs mitochondrial morphology to a similar extent as
full-length Fis1-L80P expression. Representative epiﬂuor-
escence microscopy images from ﬁs1Δ yeast cells expres-
sing the indicated plasmids and stained with MitoTracker
Red CMXRos. Percentage of cells with wild‐type mor-
phology is shown based on scoring N100 cells from three
independent experiments. Expression of full-length
3xHA-FIS1 rescued 84±2% of cells compared to 19±5%
for 3xHA-FIS1-L80P and 18±4% for 3xHA-FIS1-A72P. The
scale bar represents 5 μm.
151A72P Disrupts Mitochondrial Fissionsuggesting a common mode of dimerization. Nota-
bly, we observed that A72P alone, which is an
obligate monomer, impairs mitochondrial ﬁssion.
Thus, Fis1 mutants that are obligate monomers
(A72P) or constitutive dimers (ΔN and Fis1-3) in
vitro are nonfunctional in vivo.
While the exact oligomeric state of yeast Fis1 on
the mitochondrial outer membrane is unknown,
several lines of evidence support the hypothesis that
the oligomeric state of Fis1 may be important for
ﬁssion. In mammals, higher‐order species of Fis1
were proposed to be responsible for a dominant
negative phenotype observed upon expression of
human Fis1 with substitutions in the TPR motif.53
Also, chemical cross-linking and blue-native PAGE
analyses either in mammalian cells or on isolated rat
mitochondria demonstrated the presence of higher‐
order species of Fis1.2,28,29 The basis of this higher-
order species is unclear but may involve helix 1 that
mediates higher-order assemblies in the crystalline
lattice of a high-resolution x-ray structure and has
also been shown to be essential for function.28,29,32
Human Fis1 cross‐links as trimers and dimers in one
study, and substitutions to residues in the loop
between α3 and α4 reduce dimerization and were
found to impair ﬁssion.29 These results in light of the
current study suggest that Fis1 dimerization may be
evolutionarily conserved between species. While the
exact role of each oligomeric species of Fis1 in ﬁssion
remains obscure, our data that both obligate mono-
mers and obligate dimers are nonfunctional support
a model where the interconversion of at least the
monomeric and dimeric states are important,
although we cannot yet exclude the possibility that
the observed conformational change between α3
and α4 is itself required for ﬁssion.
The possibility that A72P is nonfunctional from a
different mechanism, such as direct disruption of
Mdv1 or Dnm1 binding, cannot be excluded by our
data. However, the ability of the wild‐type cyto-
plasmic domain to adopt both monomer and dimer
species raises the possibility that they may differ in
their relative afﬁnities for Mdv1 and Dnm1. Previ-
ously, the mutant alleles L80P, ΔN, and ﬁs1-3 were
reported to disrupt ﬁssion through mislocalization
of Mdv1 that presumably occurred via weakened
Fis1–Mdv1 interactions,33,38,39 which our data here
indicate may involve Fis1 dimerization. These dataFis1 arm and concave surface must be disrupted, and the interf
that disrupt interactions between either the arm and concave s
allow dimerization of Fis1.lead to the possibility that the Fis1 monomer, when
compared to the dimer, binds Mdv1 more tightly.
This possibility is supported by biochemical pull-
down experiments in which Mdv1 afﬁnity is higher
for Fis1ΔTM than for ΔN-Fis1ΔTM.25 In contrast,
this decreased afﬁnity might be explained by
disruption of a direct interaction between the Fis1
arm and Mdv1, which is observed in a co-crystal
structure with monomer Fis1 and a fragment
derived from Mdv1.27 In a different co-crystal
structure of Fis1ΔTM with a longer fragment of
Mdv1, the Mdv1 coiled‐coil domain additionally
appears to span two Fis1 monomers like a bridge
that would appear to sterically occlude Fis1
homodimerization.35 Thus, the decreased afﬁnity
of ΔN-Fis1 for Mdv1 observed earlier is perhaps a
consequence of dimerization. In contrast, Dnm1
shows a hundredfold higher afﬁnity to ΔN than to
wild‐type Fis1ΔTM,25 which we interpret in light of
the current study to support the hypothesis that a
Fis1 dimer increases binding to Dnm1 while de-
creases binding to Mdv1.
Our data support a plausible physical basis for the
kinetic stabilization of monomer and dimer. In order
for dimerization to occur, the Fis1 arm that sterically
occludes the concave surface in the monomeric
structure would need to be physically displaced on
two different Fis1 molecules, and these two “open”
Fis1 molecules would then have to productively
collide during the time frame of their coincident
opening (Fig. 6). This model predicts that the N-
terminal arm would be docked on its own concave
surface in a “closed” conformation in the equilibri-
um resting states of monomer and dimer. Indeed,
we have recently addressed the question of whether
the Fis1 arm exists in a dynamic equilibrium
between closed and open states.36 We found that
the Fis1 arm lies in a predominantly closed state at
room temperature, which is consistent with the idea
that energy needs to be added to overcome the
barrier between the two states and displace the Fis1
arm producing the open conformation. In this
model, dimer formation and/or equilibration be-
tween monomer and dimer requires conditions in
which the Fis1 arm would have a high probability of
being open, as would be expected from elevated
temperature, addition of chemical denaturant, or
mutations that delete (ΔN) or may displace (E78D/Fig. 6. Model for Fis1 dimeriza-
tion. In this cartoon model of
dimerization, Fis1 is depicted as
red and gray crescents and the
Fis1 arm is depicted as a continu-
ous, curved line. For dimerization
to occur, the interface between the
ace between TPR1 and TPR2must be disrupted. Mutations
urface (ΔN, ﬁs1-3) or TPR1 and TPR2 (L80P, C79S/C87S)
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that disrupt the interface between the TPR1 and
TPR2 (L80P and C79S/C87S) also would be
expected to favor dimer formation, as we observe.
A consequence of the model is that nonfunctional
variants should lower the barrier to interconversion.
Our initial heat-treatment experiments with the
nonfunctional variants were indeed qualitatively
consistent with this model; however, detailed
analysis was not possible due to their limited
solubility at elevated temperatures. In refolding
experiments with the variants, they appear to still
have a barrier to interconversion (not shown). We
conclude that our data on the wild type and variants
support a model in which the Fis1 arm acts as a
gatekeeper to lock in the ground states by helping
stabilize the α3/α4 interface. The conformational
change involving α3/α4 of Fis1 resembles the
opening of a “jackknife”, which was previously
identiﬁed in the Cyp40 and Pex5 TPR‐containing
proteins under crystallization conditions.54–56 In
these proteins, the opening of an extended helix
occurred within the helix–turn–helix motif and not
between TPR motifs as we ﬁnd for Fis1. Whether
these other TPR‐containing proteins are kinetically
trapped as monomers in solution is not known.
An important question raised by the current study
is how does the interconversion between the Fis1
monomer and dimer occur in vivo? From our data,
these species do not readily interconvert at room
temperature and thus are kinetically trapped.
However, many factors missing in our experiments
could control this interconversion in vivo. First, the
Fis1 transmembrane domain, which is absent in our
in vitro studies, may inﬂuence the distribution of
monomer and dimer by acting to concentrate and
limit the orientation of the protein at the membrane.
The transmembrane domain may inﬂuence the
collision rate between two monomers or directly
mediate self-association as proposed for the tail-
anchored TPR domain protein TM1634.57 In addi-
tion, other physiological factors important for ﬁssion
that are not present in the current experiments could
facilitate equilibration between monomer and
dimer, including the membrane itself,58 phosphor-
ylation, or ligand binding.
Our identiﬁcation of the self-association of yeast
Fis1 joins a group of emerging examples of TPR
domains that mediate self-association.42–48 Three
examples demonstrate how TPR motif proteins can
homooligomerize, a requirement for function. The
TPR domain of rapsyn self-associates in clustering
nicotinic acetylcholine receptors that is required for
proper signaling at the neuromuscular junction. The
exact mechanism and oligomeric state of this self-
association is unknown but appears to involve
reversible interconversion of different oligomeric
states.41 The conserved and essential eukaryotic
protein Sgt1 has also been shown to reversiblydimerize,44 which is required for yeast kinetochore
assembly.59 While the topology of the Sgt1 dimer is
unknown and may also involve domain swapping,
other means of TPR-mediating self-association are
possible. The bacterial TPR protein YbgF forms a
stable trimer whose topology is unknown but likely
is mediated by both head-to-head and head-to-tail
interactions involving the capping helices that ﬂank
the TPR domains.49 In this system, trimerization
was found to be mediated by conserved Tyr
residues that lie between TPR motifs and were
found to be both necessary and sufﬁcient for
trimerization since a designed, monomeric TPR
domain CTPR3 could be “switched” from a mono-
mer to a trimer by introducing two Tyr residues.49
Taken together with our ﬁndings, these data suggest
that the residues that link TPR domains can be
modulated to control self-association in different
manners that allow exposure of distinct binding
surfaces. It is plausible that many TPR-mediated
signaling events might have another level of
regulation involving TPR self-association as recently
proposed49,60 and supported by our data here.
Domain-swapped dimers play important func-
tional roles in many biological processes,61 andmany
of these dimers require reversible interconversion of
oligomeric states via domain swapping.62–66 For
example, the cadherins reversibly self-associate
through a domain swap of their IC1 domains to
mediate cell adhesion67,68 and reversible swapping
is also found in the interleukin family. Another
example is the anti-apoptotic protein Bcl-xL that is
predominantly found as a dimer in the cytoplasm.69
This protein is predominantly a monomer upon
isolation from recombinant expression but appears
kinetically trapped for dimer formation via a
similar conformational change to Fis1 involving a
helix–turn–helix in the monomer that forms a
single, extended helix in the dimer.70,71 The ability
of a single polypeptide sequence to adopt more
than one conformation is becoming increasingly
appreciated with several examples identiﬁed
through molecular evolution and structural bio-
logical approaches.72–76 Here, we describe an
example in which this second conformation is
achieved through domain-swapped dimerization,
which we propose provides a means to regulate
Fis1 activity as is evidenced by nonfunctional
variants that favor the monomer or dimer.Materials and Methods
Cloning
Recombinant Fis1ΔTM and variants were primarily
produced using a pET-29b vector (EMD Biosciences)
containing the gene encoding Fis1(1–127) from Saccharo-
myces cerevisiae, which was kindly provided by Dr. Emily
153A72P Disrupts Mitochondrial FissionCoonrod and Dr. Janet M. Shaw (University of Utah) and
contains at the N-terminus a single, nonnative Met and a
C-terminal hexahistidine tag that was cleavable by
tobacco etch virus protease. For purposes of NMR
spectroscopy, a Fis1ΔTM construct encoding residues 1–
126 without a linker or afﬁnity tag was used. Protein
derived from these two constructs showed little difference
in their structural properties by NMR spectroscopy (data
not shown). Finally, for the variant lacking the N-terminal
arm (ΔN16Fis1ΔTM), we used a plasmid encoding
residues 17–128, which was subcloned into a pET-29b
plasmid. This construct has Leu17 replaced with a Met
and contains a linker and thrombin cleavage site
preceding a C-terminal hexahistidine afﬁnity tag.
Protein expression and purification
For protein expression, we transformed DNA plasmids
into the Rosetta strain of E. coli (EMD Biosciences). An
overnight starter culture was used to inoculate 0.5 L of
Luria Broth medium with 30 μg/mL of kanamycin and
grown at 37 °C. Protein expression was induced at an
OD600 (optical density at 600 nm) of ~0.7 by the addition
of 0.4 mM isopropyl β-D-1-thiogalactopyranoside, and the
culture temperature was lowered to 20 °C. After 16 to 24 h,
the cells were collected by centrifugation at 6100g for
10 min. The cells were resuspended in 20 mM sodium
phosphate, 250 mM NaCl, and 20 mM imidazole, pH 7.4.
Cells were homogenized using an EmulsiFlex-C3 cell
homogenizer (Avestin). The lysed cell supernatant was
applied to a column with Ni Sepharose™ fast ﬂow beads
(GE Healthcare) at 4 °C, and protein was eluted with a
gradient of 20 to 500 mM imidazole. Wild‐type Fis1ΔTM
protein was further puriﬁed by SEC using a HiLoad 16/60
Superdex 75 prep grade (S-75) column (GE Healthcare) in
Buffer A (50 mM sodium phosphate, 184 mMNaCl, 5 mM
ethylenediaminetetraacetic acid, and 2 mM DTT, pH 7.4).
2H, 15N, 13C‐labeled Fis1ΔTM (1–126) was expressed
similarly in M9 minimal media with 1 g/L 15N ammoni-
um chloride (Sigma-Aldrich) and 4 g/L of 13C-glucose
(Sigma-Aldrich) in 99.8% deuterium oxide (Sigma-
Aldrich). Lysate of 2H, 15N, 13C‐labeled Fis1ΔTM (1–126)
was dialyzed into 50 mM 2-(N-morpholino)ethanesulfonic
acid, pH 6.0 (Buffer B). Protein was puriﬁed using an SP
ion‐exchange column (GE Healthcare) and eluted by a salt
gradient from 0 to 1 M NaCl in Buffer B. Protein
concentrations were determined by absorbance at 280 nm
using molar extinction coefﬁcients estimated from the
primary sequence. For Western blot analysis, the C-
terminal His tag was detected with a primary mouse
monoclonal anti-His tag antibody 1:2000 (R & D Systems)
and ampliﬁed using a horseradish‐peroxidase‐conjugated
secondary sheep anti-mouse antibody 1:5000 (GE Health-
care). Wild‐type samples were at least 99% pure by SEC-
HPLC. The mass of each puriﬁed construct was conﬁrmed
by matrix-assisted laser desorption/ionization time-of-
ﬂight mass spectrometry.Dimer formation and quantification of oligomeric
species
For thermal perturbation experiments, samples of yeast
Fis1ΔTM were dialyzed into Buffer A, incubated at theindicated temperature overnight, and then cooled to 4 °C
before returning to room temperature for analysis. For
chemical refolding experiments, samples were diluted to
the indicated concentration in unfolding buffer (6 M
GdHCl, 100 mM sodium phosphate, 50 mM NaCl, and
10 mM DTT, pH 7.4) and incubated at room temperature
before dialysis in Buffer A to remove the chemical
denaturant. In these experiments, exact protein concen-
trations are difﬁcult to control as some dilution is
unavoidable during dialysis. We report the initial concen-
tration of the sample before dialysis and estimate the
amount of dilution to be b10% from control experiments.
Samples were analyzed at room temperature using SEC
with detection by intrinsic ﬂuorescence emission at
350 nm (excitation at 280 nm). The resulting chromato-
grams were ﬁt to determine relative monomer and dimer
populations using a modiﬁed Gaussian equation:
y = y0 + Ae
−
x−x0
width
 2#"
in Igor Pro version 4 (Wave-
Metrics, Inc.). These populations were used to determine
the concentrations of each species for estimation of the
apparent dissociation constant for dimerization, Kd
app, by
Kappd =
2 Monomer½ ð Þ2
Total Protein½ −Monomer½ . For ease of comparison, the
chromatograms are normalized.
Sedimentation equilibrium analytical
ultracentrifugation
Sedimentation equilibrium analytical ultracentrifuga-
tion data were collected on isolated dimer samples at
7.7 μM, 15.4 μM, and 23.2 μM in 50 mM sodium phos-
phate and 184 mM NaCl, pH 7.4, at rotor speeds of 16.3,
20.0, 24.5, and 30.0×103 rpm at 4 °C using a Beckman XLA
analytical ultracentrifuge according to published
protocols.77,78 Edited sedimentation proﬁles were ana-
lyzed using theWindows version of NONLIN79 or using a
software package written by Dr. James Lear for global
analysis.80 The solvent density, ρ, monomer molecular
weight, M, and partial speciﬁc volume, v, of the protein
was calculated from the amino acid sequence using
SEDNTERP,81 which was also used to estimate the solvent
density.Multiangle laser light scattering detection of SEC
Fis1ΔTM (1–127) at 75 μM (1.3 mg/mL) was applied
onto a Superdex 75 size‐exclusion column (GEHealthcare)
in Buffer A at 0.4 mL/min at room temperature with
eluent detection by DAWNHELEOS for 18 light scattering
angles and Optilab for refractive index (Wyatt Technolo-
gies). Molar masses were determined by ﬁtting the
resulting data to the Zimm formalism using the ASTRA
software.Circular dichroism spectropolarimetry
Spectra were collected at room temperature using 5 μM
samples in 25 mM sodium phosphate and 150 mM
sodium ﬂuoride, pH 7.4, in a 0.1 cm path length cuvette.
Spectra represent the average of 5 scans from 260 to
154 A72P Disrupts Mitochondrial Fission190 nm at 50 nm/min with a bandwidth of 0.5 nm, a pitch
of 0.5 nm, and a response of 2 s on a J710 spectro-
polarimeter (JASCO, Inc).Fluorescence spectroscopy
The intrinsic tryptophan ﬂuorescence emission spectra
of 5 μM yeast Fis1ΔTM in Buffer A were collected using
the SLM-48000 spectroﬂuorometer (SLM Instruments)
with an excitation wavelength of 295 nm. The excitation
monochromator bandwidth was 2 nm, while that of the
emission monochromator was 8 nm to enhance light
detection. The excitation polarizer was set at 55° from
the vertical, while the emission polarizer was set at 0° from
the vertical to minimize Wood's anomaly. Each spectrum
is the average of two wavelength scans sampled every
1 nm from 306 to 480 nm at 25 °C with each emission
wavelength sampled four times. For acrylamide quench-
ing experiments, isolated monomer and dimer samples
were incubated in 0.44 M acrylamide in Buffer A for 1.5 h
at room temperature before data collection.Nuclear magnetic resonance spectroscopy
For monomer samples, HSQC spectra were recorded at
14.1 T on a Bruker Avance 600 spectrometer at 25 °C
with 16 scans per increment, 640 (t2)×110 (t1) complex
points with acquisition times of 64 ms (1H) and 64 ms
(15N). For dimer samples, transverse relaxation opti-
mized spectroscopy (TROSY)-HSQC spectra were
recorded at 18.8 T on a Varian INOVA 800 spectrometer
at 40 °C with 4 scans per increment, 768 (t2)×283 (t1)
complex points with acquisition times of 64 ms (1H) and
100 ms (15N). Analyses of TROSY HNN and TROSY
HNCACB experiments on dimer samples in conjunction
with known chemical shift assignments of monomer
were used to determine backbone 1H,13C, and 15N
chemical shift assignments of dimer. The TROSY HNN
was collected at 8 scans per increment, 720 (t3)×42
(t2)×34 (t1) complex points with acquisition times of
60 ms (1H), 18.5 ms (15N) and 15 ms (15N). The TROSY
HNCACB was collected at 16 scans per increment, 720
(t3)×26 (t2)×64 (t1) complex points with acquisition times
of 60 ms (1H), 17 ms (15N), and 5 ms (13C). NMR data
processing was carried out using NMRPipe82 and
subsequently analyzed using NMRView.83,84Yeast two-hybrid
Yeast two-hybrid was performed as previously de-
scribed using the L40 yeast strain with selection by HIS3
induction.85,86 Two-hybrid constructs were subcloned into
the plasmids pGADT7 (prey) and pBHA (bait). L40
transformed with bait (pBHA) and prey (pGADT7)
plasmids were grown at 30 °C overnight in synthetic
complete media supplemented with 2% glucose lacking
leucine and tryptophan. Cells at 1, 0.1, and 0.01 OD600/mL
were then replica plated onto the same medium supple-
mented with 10 mM 3-amino-1,2,4-triazole and lacking
histidine. Plates were analyzed for growth after 3 days at
30 °C and are representative of at least three independent
experiments.Yeast growth assay
Yeast growth assays were performed as previously
described.17 Constructs were subcloned into a galactose-
inducible pGALplasmidwith aURA3 selectionmarker and
transformed into fzo1Δﬁs1Δ cells (strain ADM574 gift of Dr.
Janet Shaw).17 The cells were grown at 30 °C overnight in
synthetic complete media supplemented with 2% glucose
lackinguracil. The cellswere diluted to anOD600 of 0.1, 0.05,
and 0.02 and replica plated onto YP medium containing
either 2% glucose or 3% glycerol. Plates were analyzed for
growth after 5 days at 30 °C and are representative of at
least three independent experiments.Mitochondrial morphology
For mitochondrial morphology, 3xHAFIS1 and mutant
constructs were subcloned into pRS416MET25 and trans-
formed into ﬁs1Δ yeast (ADM552 gift of Dr. Janet Shaw).17
The yeast were grown at 30 °C in synthetic complete
media supplemented with 2% glucose lacking uracil and
leucine to log phase (0.55 to 0.8 OD600). Cells were stained
with 2 μM MitoTracker Red CMXRos (Invitrogen) for
20 min in the dark followed by two washes and
resuspension in synthetic complete media with 2%
glucose lacking uracil and leucine. At least 100 cells per
strain were counted from three independent growths
using a BX51TRF microscope (Olympus) with the bright
ﬁeld or ﬂuorescence settings. Images were taken with
MagnaFire (Karl Storz Imaging) and processed using
ImageJ 1.45S (National Institutes of Health).Acknowledgements
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